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ABSTRACT 
 In this research, corrosion behaviour of A36 carbon steel under engineered disbonded 
coating was investigated in sulphuric acid solutions containing sodium chloride and iron (III) 
sulphate. Scanning electron microscopy (SEM) and x-ray diffraction (XRD) analyses were 
carried out to study the morphology and phase composition of corrosion products formed on the 
carbon steel surface. The results of the SEM analysis showed that only general and pitting 
corrosion occurred on the carbon steel surface with the engineered crevice. The size of the pits 
increased as the sulphuric acid and sodium chloride concentrations increased. Moreover, the 
corrosion products had an open, irregular and loose structure at the pits mouth. The loose and 
open structure of the corrosion products facilitates diffusion of chloride ions, oxygen, water and 
contaminants into the carbon steel surface. In contrast, the corrosion products had a very 
compact and continuous structure outside the pits which provided a good protection against 
further corrosion. 
 The x-ray diffraction analysis showed that the corrosion products layer mainly consisted 
of lepidocrocite (γ-FeOOH), goethite (α-FeOOH) and iron sulphide (FeS) on the crevice edges. 
The Pourbaix diagram of iron in sulphuric acid solution at room temperature indicates that iron 
sulphide is formed on the metal surface at different pH values. The akaganeite (β-FeOOH) 
diffraction peak was not identified in any spectrum which could be due to the low concentration 
of chloride ions in the solutions. Furthermore, the number of lepidocrocite peaks decreased as the 
sulphuric acid concentration increased from 10 g l
-1
 to 50 g l
-1
. The lepidocrocite is dissolved in 
the presence of sulphuric acid, and the dissolved ion acts as an oxidant to the metal and hence 
lower lepidocrocite peaks are identified.  
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 Electrochemical noise measurement (ECN) testing was also performed to investigate the 
corrosion process occurring on the carbon steel surface with the engineered crevice. The results 
of the ECN measurements showed that current increased during first few minutes and then 
decreased slightly. Also, the coupled potential did not change after an initial shift in negative 
direction. The low current flowing through the carbon steel electrodes and the constant potential 
showed that the crevice corrosion did not develop. These results imply that the crevice corrosion 
may not occur on the carbon steel surface in acidic solutions containing chloride ions. 
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Chapter One 
1 Introduction 
1.1 Background 
Carbon steel and austenitic stainless steels are the most widely used construction 
materials to handle sulphuric acid solutions. Carbon steel is an inexpensive alloy; however, its 
usage requires a comprehensive understanding of its corrosion behaviour in corrosive 
environments (Panossian et al., 2012). Rubber coatings are often used to protect carbon steel 
equipment against corrosion in hydrometallurgical circuits. A major failure of the rubber 
coatings is the disbonding of the coating due to chemical and/or mechanical actions (Schweitzer, 
2007). The disbondment of the coating will form a gap between the coating and the carbon steel 
substrate that may significantly increase the tendency of the substrate for degradation via 
general, pitting and crevice corrosion. Pitting and crevice corrosion are considered important 
concerns if metals are exposed to chloride containing solutions. Several factors affect the 
occurrence and rate of crevice and pitting corrosion including alloy composition, geometry, pH, 
dissolved ions concentrations and temperature (Kawashima et al., 1997; Zhao and Zuo, 2007; 
Wang et al., 2014). In this research the geometry of the crevices and crevice thicknesses were 
chosen based on the crevice corrosion scaling law as shown in Fig. 1.1.  
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The crevice corrosion is difficult to detect since it remains a dangerous phenomenon 
under the disbonded coating. It is a form of localized attack that happens in areas of the metal or 
alloy surface in contact with a stagnant solution while the most part of the surface is exposed to 
the bulk solution. Although the crevice corrosion may occur on the metal surfaces which are not 
covered by passive films, but it occurs frequently on passivated metal surfaces. However, pitting 
corrosion occurs only at the passivated metal surfaces (Marcus, 2002). 
The passive film is not formed on the carbon steel surface since chromium (Cr) does not 
exist in its composition. Chromium is responsible for the formation of a thin passive layer of 
chromium oxide (Cr2O3) which performs as a coherent barrier against corrosion 
(Ghahremaninezhad and Wang, 2012).  Nevertheless, various iron oxides and iron oxy-
hydroxides are formed on the carbon steel surface which may have protective structures 
performing as diffusion barrier. The formation of various oxides and oxy-hydroxides is strongly 
Fig. 1.1 Critical aspect ratio for crevice corrosion (Kennel et al., 2009) 
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affected by concentration of oxygen and hydrogen ions, humid and dry environment conditions, 
electrochemical potential, dissolved ions in aqueous solution, and thermodynamic stability of the 
oxides and oxy-hydroxides (Waseda and Suzuki, 2005; Zise et al., 2007; Takahashi et al., 2005). 
1.2 Knowledge Gap 
Several modeling and numerical studies have been done on the crevice corrosion 
behaviour of stainless steel including concentration and pH profile, corrosion current profile, and 
mass transport mechanism of dissolved species within the crevice (Heppner et al., 2004; Kennell 
et al., 2008; Kennell and Evitts, 2009). These studies have focused on the behaviour of corroding 
crevice in different distances from the crevice mouth. Moreover, many experimental studies have 
been conducted on monitoring electrochemical processes within engineered crevices. 
Combination microelectrodes were used at different positions within the engineered crevice to 
detect and record the potential, pH and chloride ions concentration simultaneously (Yan et al., 
2007; Wolfe et al., 2004; Wang et al., 2014). In spite of different numerical and experimental 
studies on the chemical conditions at different positions within the engineered crevices, there are 
only few experimental studies on the corrosion mechanism of the carbon steel in chloride 
containing environments. In addition, there is insufficient knowledge on the crevice corrosion 
behaviour of carbon steel in acidic solutions containing chloride ions. Hue et al., (2010) 
investigated the crevice corrosion of carbon steel with engineered crevice in alkaline solution in 
the presence of chloride ion.  
1.3 Thesis Objectives 
The overall aim of this MSc project was to examine the corrosion behaviour of carbon 
steel under disbonded coating and determine the composition of corrosion products formed on 
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carbon steel surface in sulphuric acid solution in the presence of chloride and iron (III) ions. Five 
major objectives were defined to complete this research project: 
1. To determine the type of the corrosion on the carbon steel surface with engineered 
crevice gap, perform immersion tests at various temperatures and concentrations. 
2. To investigate the morphology of the corrosion products layer formed on the surface 
of carbon steel after immersion in solutions with different concentrations of 
chemicals by conducting SEM analysis. 
3. To investigate the phase composition of the corrosion products layer by conducting 
XRD analysis and investigate formation of protective and non-protective layers on 
the steel surface. 
4. To identify the mechanism of corrosion and associated electrochemical reactions 
using XRD analysis and potentiodynamic test. 
5. To identify any corrosion stages and current-potential changes by conducting 
electrochemical noise measurement tests. 
1.4 Thesis Structure 
The thesis is divided into 6 chapters. Chapter one presents a background of the material 
that will be discussed throughout the thesis. Also, the knowledge gap resulting in present work as 
well as objectives of this research are explained in the following sections of this chapter. Chapter 
two gives a brief literature review on the uranium extraction process, rubber lining, corrosion 
behaviour of carbon steel, and corrosion measurement techniques employed to complete the 
objectives of this research. 
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Chapter three discusses objectives 1 and 2 of this research. The materials and methods 
used to accomplish these tasks, the results and discussion of immersion test and SEM analysis, 
and summary and conclusions are given in this chapter. Chapter four explains the materials and 
methods of objective 3 and objective 4. The results of the XRD and potentiodynamic test are 
presented and discussed, and finally the summary and conclusions of the analysis and 
measurement are explained. Chapter five discusses the materials and methods employed to 
complete the last objective of this research. The results of the ECN test for carbon steel and 
austenitic stainless steel are presented, and the results are discussed. A summary of the test and 
results as well as conclusions are given at the end of this chapter. The last chapter covers a 
summary of the conclusions, recommendations and suggestions for future studies. 
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Chapter Two 
2 Literature Review 
2.1 Uranium Extraction 
Uranium is extracted from its ore through hydrometallurgical processes including 
leaching, solvent extraction and precipitation. Uranium ores vary from deposit to deposit based 
on their grades and sources; nevertheless, the extraction process is almost identical for most of 
them. The basic steps of a general uranium extraction process consist of crushing and grinding, 
leaching, solid-liquid separation and washing, solvent extraction and yellow cake precipitation 
and drying. Most uranium mills use wet grinding so that a slurry product is fed to the leaching 
solution which contains an acid or base as well as an oxidant. The operating temperature in the 
leaching circuit is between 40 to 60ºC (Seidel, 1981). There are two main leaching technologies 
to treat the uranium ores including acid and alkaline leaching. Parameters used to determine 
whether acid or alkaline leaching is employed include ore carbonate content, quality 
requirements, environmental considerations and energy consumption (Yousif, 2006). For 
uranium ores with carbonate content of higher than 12% (Wt/Wt) alkaline leaching is 
recommended, and acid leaching is recommended for the uranium ores with less than 12% of 
carbonate content. The acid leaching method is usually preferred (International mining, 2008) 
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due to lower required temperature, energy saving and shorter duration of the leaching process 
(Bragadireanu et al., 2002). 
2.2 Acid Leaching of the Uranium Extraction Process 
The leaching process performs as a liquid-solid extraction process which involves a 
mixture of solute (desired component), solvent and solid phase. The solid phase is inert and not 
dissolved in the solvent phase while the solute phase is completely soluble in the solvent phase 
(Henley, 1981). The solute phase leaches from the solid phase into the solvent, which causes 
separation of the solute and solid phase. In the uranium leaching process, the uranium ore is in 
the solid phase, and uranium is in the solute phase which is dissolved in sulphuric acid as the 
solvent. Uranium is in a reduced or tetravalent form (UO2) in most ores. Since the reduced 
uranium is not soluble in both acid and alkaline leaching solutions, the oxidant is used to convert 
the reduced uranium to a hexavalent form (UO2
2+
) which is completely soluble in the leaching 
solution (Seidel, 1981). The principle oxidant in the acid leaching is iron (III) ion (Fe
3+
). It is 
usually present in the leaching solution from the solution recycle streams; however, it can be 
added to the solution in form of iron (III) or iron (II) sulphate or steel alloy. The iron (III) ion 
performs as an electron carrier and facilitates the leaching process as follows: 
UO2 (s) + 2Fe
3+ 
(aq) → UO2
2+ 
(aq) + 2Fe
2+ 
(aq)                                                                                (2.1) 
A subsequent oxidant is then added to regenerate iron (II) ions to iron (III) ions so that 
the iron (III) ions are recovered to maintain the uranium dissolution. Various oxidants such as 
manganese dioxide, sodium chlorate, hydrogen peroxide and sulphur dioxide are used in the 
uranium acid leaching. Sodium chlorate (NaClO3) is traditionally used in North America as the 
first option and oxidizes the iron (II) ions as follows: 
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NaClO3 (s) + 6Fe
2+ 
(aq) + 6H
+ 
(aq) → NaCl (s) + 6Fe
3+ 
(aq) + 3H2O (l)                                               (2.2) 
Reaction (2.2) shows that the chloride ions are released by oxidation of iron (II) ions. These 
chloride ions are dangerous and cause corrosion of construction materials (Venter and Boylett, 
2009). Miki and Nicol, (2009) studied the kinetics of the oxidation of iron (II) ions by sodium 
chlorate in the leaching circuit of the uranium ores. They concluded that rapid reduction of 
chlorate ions demonstrates that the sodium chlorate cannot be the actual oxidant for tetravalent 
uranium.  
1 to 3% of sulphuric acid is used in the leach solution to form soluble uranyl sulphate 
complexes (UO2SO4, [UO2(SO4)2]
2-
, [UO2(SO4)3]
4-
). This concentration represents a very dilute 
sulphuric acid which is significantly corrosive for metals and alloys especially carbon steels. 
Panossian et al., (2012) did a review on the corrosion of carbon steel pipes and tanks by 
concentrated sulphuric acid. According to this review, the corrosion rate of carbon steel in dilute 
sulphuric acid solutions is a function of its chemical composition, especially the carbon content. 
In dilute sulphuric acid solutions up to 50% (g l
-1
), the corrosion rate increases with increasing 
the sulphuric acid concentration. Also, the corrosion rate increases as the carbon content 
increases. In contrast, above a concentration of 50%, the corrosion rate decreases for all carbon 
steels with different carbon contents. Finally, at concentrations higher than approximately 63%, 
the corrosion rate is very low and almost the same for all carbon steels demonstrating the 
independence of the corrosion rate from carbon content. This trend is attributed to the formation 
of a dark gray protective layer of iron (II) sulphate on the carbon steel surface in concentrated 
sulphuric acid solutions according to the reaction (2.3): 
H2SO4 (l) + Fe (s) → FeSO4 (s) + H2 (g) ↑                                                                                        (2.3) 
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2.3 Rubber Lining 
Elastomeric linings referred to as rubbers are bonded to the steel substrates and used to 
protect steel process vessels. Failure of the rubber lining can occur due to the chemical action 
and or mechanical damage. Absorption of the medium through the rubber results in swelling of 
the rubber coating and further chemical deterioration. Rubbers absorb materials they are in 
contact with, and this absorption can cause swelling, cracking and penetration to the steel 
substrate of the rubber lined process vessels and finally failure of the bond. Chemical 
deterioration can also happen due the reaction of the medium and the rubber coating. It increases 
with increasing the solution concentration and temperature (Schweitzer, 2007).        
2.4 Corrosion Behaviour of Carbon Steel 
2.4.1 Characteristics of Corrosion Products on Carbon Steel Surface 
Corrosion products formed on a carbon steel surface mainly consist of various iron 
oxides, iron hydroxides, and iron oxy-hydroxides. The morphology and phase composition of the 
corrosion products are important since the corrosion rate and properties of substrates are strongly 
affected by the characterization of the corrosion products layer. The corrosion process of iron in 
aqueous solutions includes re-oxidation and reduction of iron (II) and iron (III) ions. The iron is 
dissolved as iron (II) ions into the solution, and these ions are precipitated onto the metal surface 
as the corrosion products layer (Waseda and Suzuki, 2005). 
Zise et al., (2007) studied the morphology and phase composition of the corrosion 
product on cast iron (3% carbon content) in 0.06 M NaCl+ 0.03 M Na2SO4+ 0.01 M NaHCO3 
de-oxygenated solution. They immersed specimens at the bottom of beaker for 48 and 138 days, 
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and performed SEM and XRD analyses after immersion time. The SEM and XRD analyses of 
the specimens immersed for 48 days indicated that the corrosion products of the upper surface 
were goethite (α-FeOOH) with grain-like shape. However, the corrosion products on the beneath 
surface were mainly lepidocrocite (γ-FeOOH) with leprose or petal-like appearance. Surface 
analysis of the specimens immersed for 138 days showed that three layers of corrosion products 
covered the surface of the specimens. The inner layer was made up of goethite, magnetite 
(Fe3O4) and a little akaganeite (β-FeOOH). The middle and outer layers were made up of 
lepidocrocite and goethite (stalactite shape) respectively. α-FeOOH with stalactite shape has 
compact and continuous structure which helps protect iron matrix against further corrosion 
attacks. However, γ-FeOOH decomposes to Fe3+ in acid environments accelerating iron 
corrosion as follows: 
γ-FeOOH (s) + 3H
+ 
(aq) → Fe
3+ 
(aq) + 2H2O (l)                                                                              (2.4) 
Moreover, a high concentration of chloride ions causes the formation of akaganeite (β-FeOOH) 
with an acicular shape structure. Akaganeite is formed between the corrosion products layer and 
iron substrate with action of chloride ions in a humid environment in the presence of oxygen and 
water. The chloride ions, present in the akaganeite lattice, can accelerate the iron by releasing in 
ionic form and dissolving in the acid solution. They concluded that the iron oxides are more 
stable and protective than the iron oxy-hydroxides due to the compact and regular structure and 
lower free energy of formation of the lattice. 
 Takahashi et al., (2005) studied the corrosion products constituents formed on the pure 
iron specimens conducting in-situ x-ray diffraction measurements. They dropped 2% NaCl 
solution and 2% Na2SO4 solution onto the surface of the specimens, and maintained them for 
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1000 hours in a humid atmosphere at ambient temperature. They carried out the XRD before and 
after drying process. The results of the humid condition tests for both solutions showed that γ-
FeOOH was the main constituent of the corrosion products with fractions of other corrosion 
products. For the dry condition, the intensity of α-FeOOH diffraction peaks, formed in 2% NaCl, 
were increased relative to the humid condition. However, the composition of the corrosion 
products, which formed in 2% Na2SO4 solution, did not change in the dry condition 
demonstrating that different factors affect the iron corrosion process including the humid and dry 
condition, anions present in the solution, and concentration of dissolved oxygen and hydrogen 
ion. 
2.4.2 Crevice Corrosion Behaviour of Carbon Steel 
Crevice corrosion is a localized attack in acid-chloride conditions occurring in prone 
regions of metals and alloys like under deposits, beneath gaskets, in imperfect welding, interface 
of washers, and within pits and cracks. Crevice corrosion affects metals and alloys that form a 
protective thin oxide layers on their surface. A small current called the passive current, can pass 
through the protective film since the film does not have a high electrical conductivity. Therefore, 
in the presence of the protective film, metal dissolution occurs at a very slow rate. However, in 
concentrated acid-chloride solutions, the protective film is destroyed when the solution pH and 
chloride concentration reach a critical state that is called the critical crevice solution (Heppner, 
2006; Evitts, 1997). Crevice corrosion develops because of the difference in inside and outside 
solution including differential aeration, pH, metal ion concentration and chloride ion 
concentration (Malik et al., 2001). 
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The mechanism of the crevice corrosion falls into three stages of incubation, initiation 
and crevice corrosion development. The crevice moves to the initiation stage as the protective 
film is completely destroyed; however, it remains in the incubation stage and does not enter to 
the initiation stage if the protective film is not destroyed. During the incubation period, due to the 
geometry of the crevice, oxygen may diffuse at a lower rate than it is consumed within the 
crevice, and oxygen depletion occurs (Kennell et al., 2008). The depletion of oxygen within the 
crevice causes cathodic reactions to occur outside the crevice on the bold surface and accelerated 
anodic dissolution of iron and further hydrolysis of dissolved iron in the crevice. The hydrolysis 
of dissolved iron acidifies the crevice. The high concentrations of chloride ions as well as 
hydrogen ions released from hydrolysis of dissolved iron attack the protective film and may 
destroy it so that crevice corrosion enters to the initiation state (Kennell and Evitts, 2009). 
Oldfield and Sutton, (1978) described a theory for crevice corrosion initiation of stainless 
steels considering a differential change of the environment in crevice. According to this theory 
the mechanism of the crevice corrosion falls into four stages: (1) deoxygenation, (2) increase of 
salt and acid concentration, (3) depassivation, (4) propagation. The disruption of protective film 
increases the passive current and can cause a potential drop and higher rate of corrosion in some 
regions within the crevice. These regions are in the crevice corrosion development stage.  
 Hue et al., (2010) studied the crevice corrosion stages of Q235 carbon steel in sodium 
bicarbonate (NaHCO3) solution containing chloride ion using the electrochemical noise 
technique. The electrochemical cell for the EN measurements consisted of a reference electrode 
(RE) and two working electrodes (WE1 and WE2). The first working electrode (WE1) was 
carbon steel with an engineered crevice with a working area of 0.1 cm
2
, and the second one 
(WE2) was a plane carbon steel without an engineered crevice and three different working areas 
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of 0.1 cm
2
, 1 cm
2
 and 16 cm
2
. The carbon steel surface was sealed with insulating tape in order 
to create a crevice gap with an exposed area of 0.1 cm
2
. They performed EN test for three 
different r values of 1, 10 and 16 where r was the area ratio of WE2 to the crevice area of WE1. 
 The results showed that in the first few hours, current noise (Ig) was very small and 
potential (E) was positive which indicated that the crevice corrosion was not developed yet due 
to the passivation of WEs. However, after few hours, the potential shifted toward negative 
points, and a significant decrease in potential and a large increase in current were observed. This 
demonstrated that the passive film on the WE1 was destroyed, and the crevice corrosion was in 
transpassive region where the active dissolution of metals occurs. After about 4 hour, the current 
noise decreased significantly, and the potential decreased simultaneously. Then, the potential and 
current only fluctuated slightly without significant changes. In this period, the crevice corrosion 
enters into a stable state in which the corrosion rate is low. Differences were observed in the 
results for different r values and showed that the induction period increased with r. Moreover, the 
area ratio had a remarkable effect on development of the crevice corrosion. They concluded that 
for small r values, potential difference between inner and outer crevice surface is small, and the 
outer crevice surface is in the active dissolution stage. Therefore, crevice corrosion is not greatly 
accelerated within the crevice. On the contrary, for large r values, the outer surface is in the 
passive state, and degree of acceleration is high within the crevice. 
 Different factors influence the crevice corrosion occurrence including the crevice and 
bold surface geometries, protective film, mass transport of dissolved species inside and outside 
the crevice, electrochemical reactions, and bulk solution composition (Betts and Boulton, 1993). 
Fig. 2.1 shows a schematic diagram of crevice corrosion with possible electrochemical reactions. 
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2.4.3 Pitting Corrosion Behaviour of Carbon Steel 
Pitting corrosion happens at the metal surface covered with the passive or protective layer 
(a thin oxide layer) during the access of aggressive anions, especially chloride ions. A critical 
potential called the pitting potential (  ) must be exceeded for the initiation of pitting corrosion. 
According to equation (2.1), pitting potential decreases as the aggressive anion concentration 
increases (Marcus, 2002). 
Ep = a - b log [A]                                                                                                                        (2.1) 
Where, A is the anion concentration. 
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Fig. 2.1. Schematic diagram of crevice corrosion (Kennell and Evitts, 2009) 
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Based on the composition of metals and alloys and environmental conditions, the mechanism of 
pit growth may be different. However, there is a general mechanism including breakdown of 
passivity, pit growth and repassivation phenomena (Jones, 1996). Three main mechanisms for 
passive film breakdown are found in the literature (Marcus, 2002): 
1. The penetration mechanism: Penetration occurs due to the action of chloride ions 
incorporated in oxide ions (O
2-
) which are called cation vacancies. These cation 
vacancies migrate from the oxide surface to the metal surface with a rate equivalent to the 
transport of cations from the metal to oxide surface. Accumulation happens at the 
interface of the metal and oxide layer if the cation vacancies penetrate into the metal or 
alloy phase at a slower rate than their transport through the passive layer. This 
accumulation results in local concentration causing stresses within the passive layer and 
breakdown of passivity. 
2. The film breaking mechanism: Any sudden changes of the electrode potential or chemical 
changes of the surface cause negative stress within the passive layer. These changes lead 
to release of metal ions into the electrolyte and eventually film breakage. Moreover, 
existence of any crack within the passive layer in presence of chloride ions causes direct 
contact of the crack area of the metal surface with the aggressive chloride ions and pit 
formation.    
3. The adsorption mechanism: In the adsorption mechanism, chloride ions are adsorbed at 
the interface of the oxide layer and electrolyte and enhance the transport of the metal 
cations from the oxide layer to the electrolyte. This process causes thinning of the passive 
layer and may lead to its total removal. Halide ions like chloride ions have tendency to 
make complexes with the metal cations and decrease their charge. The reduced forms of 
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the metal ions require less activation energy to migrate into the electrolyte. This anodic 
dissolution of metal cations stabilizes the pitting corrosion and prevents repassivation of 
the damaged sites within the passive layer. 
 Studies base on experimental results have shown that the film breaking and adsorption 
mechanisms are more probable than the penetration mechanism. The passivity breakdown causes 
the pits which are deposited on inert substrates pass through the layers in a few seconds. They 
then grow outwards perpendicular to the inner substrates with increasing their radius. During the 
pit growth an active anode which is the pit and a passive cathode, which is the passive layer 
around the pit, will be created. In a slightly alkaline chloride containing solution dissolved metal 
ions (Me
2+
) are hydrolyzed according to reaction (2.5): 
Me
2+
 + 2H2O → MeOH
+
 + H3O
+ 
                                                                                              (2.5) 
For stainless steels, Me
2+
 denotes iron ions; however, there are additional anodic dissolution 
reactions for nickel and chromium which are similar to the iron reaction. The hydrolysis of the 
metal ions drops the pH and causes migration of the chloride ions into the pit. The chloride ions, 
migrating to the pit, causes formation of a porous cap at the pit mouth and produce aggressive 
hydrochloride acid solution as follows: 
Fe
2+
 + 2H2O + 2Cl
-
 → Fe(OH)2+ 2HCl                                                                                     (2.6) 
 In some cases pitting corrosion stops if a new oxide film forms on the surface of the 
metal or alloy. However, it will propagate if the corrosive environment contains a high chloride 
ion concentration so that the repassivation is impossible (Jones, 1996). Fig. 2.2 shows a 
schematic diagram of pitting corrosion occurring on the iron substrate. 
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2.5 Corrosion Measurement Techniques 
Several corrosion measurement tests are employed to study the corrosion processes and 
corrosion characteristics of various metals and alloys in aqueous environments. They provide 
important information on the corrosion rate, corrosion mechanism, passivity and coatings by 
measuring the potential-current relations under certain conditions. This section explains the 
theories of the corrosion techniques, which were employed in this research project. 
2.5.1 Electrochemical Noise Measurements 
Electrochemical noise measurement is a novel technique that produces results that 
complement electrochemical impedance spectroscopy and linear polarization resistance test. It is 
defined as the spontaneous fluctuation in the current going through the metal-electrolyte 
interface or the fluctuation in potential applied to a corroding metal under potentiostatic or 
galvanostatic control. 
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Fig. 2.2. Schematic diagram of pit growth on the iron substrate (Jones, 1996) 
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Electrochemical noise measurement provides significant information about the rate and 
mechanism of the corrosion processes occurring at the electrodes interface by analysis of the 
potential and current fluctuations (Loto, 2012). The corrosion reactions show small current 
fluctuations of μA to mA and small potential fluctuations of μV to mV since the corrosion 
processes always occur at low frequencies of less than 1 Hz (Perdomo and Singh, 2002).  
One of the major sources of electrochemical noise is the initiation of pitting corrosion. In 
this technique, the corrosion reactions are monitored on two working electrodes coupled through 
a zero resistance ammeter (ZRA) without any external applied potential. ZRA measures the 
current between these two electrodes which have slightly different potentials. The potential is 
measured between the coupled working electrodes and a reference electrode. The 
electrochemical noise measurements together with some other electrochemical techniques like 
linear polarization resistance and electrochemical impedance spectroscopy have given 
remarkable information on corrosion mechanisms (Wang, 2005).   
2.5.2 Potentiodynamic Measurements 
Electrochemical corrosion experiments measure or control the potential and current of the 
reactions. Several types of methods are available to determine corrosion behaviour of metals. In 
the potentiodynamic technique, the applied potential (with a constant potential sweep or scan 
rate) is increased with time, and the current is constantly monitored. Data gained from the test 
are represented in a plot of potential versus logarithm of current or current density which is 
called polarization curve (Etor, 2009) as shown in Fig. 2.3. It is also possible to control and 
change the current and measure the potential. In the galvanodynamic or galvanostatic technique, 
the current is imposed on the electrode and the potential is measured. 
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Polarization curves provide useful information on the corrosion process taking place on 
the metal surface, including the corrosion rate, corrosion potential, Tafel slopes and polarization 
resistance. Furthermore, Polarization curves can determine the passive behaviour of metals and 
alloys. Passivity is a formation of very thin, protective oxide layer on the surface of a metal or 
alloy causing a high anodic polarization. As the passive layer begins to form, the corrosion rate is 
reduced (Jones, 1996). 
 
Fig. 2.3. Polarization curve of novel alloy in 3% NaCl solution 
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Chapter Three 
3 Corrosion Type and Morphology of the Corrosion Products 
3.1 Overview of Chapter 3 
Chapter 3 of this thesis covers the first and second objectives of this research project. 
Immersion tests were conducted in certain conditions, and SEM analyses were performed on 
selected regions of corroded surface of the coupons to complete these objectives. The type of the 
corrosion taking place under disbonded coating was identified from visual observations and the 
SEM analysis. Moreover, the morphology of the corrosion products layer was investigated from 
the SEM results. 
3.2 Experimental Procedure 
3.2.1 Sample Preparation 
Carbon steel coupons with dimensions of 7.5 cm x 7.5 cm x 0.6 cm were cut from A36 
carbon steel plates. Table 3.1 shows the chemical composition (Wt%) of the alloy. The under 
surface and edges of the carbon steel coupons were coated with enamel paint leaving exposed 
areas of 26 cm
2 
with dimensions of 6.5 cm x 4 cm. Fig. 3.1 shows a carbon steel coupon coated 
with enamel paint. The exposed surfaces of the coupons were polished with 400 and 600 grit 
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sand paper and rinsed with RO water and acetone. The engineered disbonded coatings, with 
dimensions of 7.5 cm x 7.5 cm x 0.6 cm, were cut from an acrylic sheet. Also, acrylic spacer 
sheets with dimensions of 7.5 cm x 3 cm x 0.1 cm were cut and placed between the carbon steel 
coupons and acrylic coatings to form the engineered crevices with thickness of 1 mm. Fig. 3.2 
shows a schematic diagram of experimental setup for the immersion test. The carbon steel 
coupons with engineered crevices were immersed in 10 g l
-1
 and 50 g l
-1
 of H2SO4  solutions 
containing 1 g l
-1
 and 3 g l
-1
 of NaCl and 3 g l
-1
 of Fe2(SO4)3 for 14 days. The concentration of 
chemicals was chosen according to the uranium leaching process characteristics. Table 3.2 shows 
the concentration of chemicals in three different solutions.  
Table ‎3.1. Chemical composition of A36 carbon steel 
Component C Cu Mn P Si S Fe 
Wt % 0.25 0.2 1.03 0.04 0.28 0.05 98 
 
 
 
 
 
 
 
 
 
Fig. 3.1. Carbon steel coupon coated with enamel paint 
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Table ‎3.2. Chemicals concentrations in different solutions 
Chemicals 
                   Conc. (g l
-1
) 
 
Solution 1 Solution 2 Solution 3 
H2SO4 (Fisher Scientific, USA) 10 50 50 
NaCl (Fisher Scientific, USA) 1 1 3 
Fe2(SO4)3 (Sigma-Aldrich, USA) 3 3 3 
 
3.2.2 Solution Preparation 
 The solutions used for the immersion test were 500 ml of 5 g H2SO4 + 0.5 g NaCl + 1.5 g 
Fe2(SO4)3 with pH of 1.85, 500 ml of 25 g H2SO4 + 0.5 g NaCl + 1.5 g Fe2(SO4)3 with pH of 1.4, 
and 500 ml of 25 g H2SO4 + 0.5 g NaCl + 1.5 g Fe2(SO4)3 with pH of 1.4. All solutions were 
prepared using RO water. The temperature was controlled at 55 ± 0.1°C, which is the leach 
Crevice Edge 
Carbon Steel Substrate 
Acrylic Disbonded Coating 
Acrylic Spacer 
Crevice Edge 
Crevice Bottom 
Enamel Paint 
Exposed Metal Surface 
Fig. 3.2. Schematic diagram of carbon steel coupon with the engineered disbonded coating 
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solution temperature, using a digital immersion circulator. Beakers that contained the immersed 
coupons were placed in a reservoir containing water. The immersion circulator was installed at 
the corner of the reservoir so that heater coil of circulator was fully immersed in the water bath. 
The mouths of the beakers were covered with plastic wraps to prevent evaporation of the 
solution. A clear plastic tube was placed at the mouth of each beaker allowing diffusion of 
atmosphere oxygen into the solution.  
3.2.3 SEM Device Characteristics 
The corrosion coupons were taken out after 14 days of immersion, and the SEM analysis 
was conducted immediately after immersion test. A Hitachi SU6600 field emission gun scanning 
electron microscope was employed to conduct the SEM analysis on the corroded surfaces of the 
coupons. The electron microscope operated at voltage of 20 kV. 
3.3 Surface Morphology Analysis, Results and Discussion 
The SEM analysis of the corrosion product layers formed on the carbon steel surface was 
carried out after 14 days of exposure. Fig. 3.3 shows the SEM images of the corrosion products 
layer for selected areas of the coupons. Visual observations and the SEM analysis showed that 
several pits were formed on the carbon steel coupons under the disbonded coatings. Formation of 
the pits on the substrate indicated disruption of the continuous layer of the corrosion products, 
which was formed over the substrate surface. 
It is shown that the size of the pits, which were formed in the solution of 10 g l
-1
 H2SO4, 1 
g l
-1
 NaCl, 3 g l
-1
 Fe2(SO4)3, are small (Fig. 3.3. a). The size of the pits increased as the sulphuric 
acid concentration increased from 10 g l
-1
 to 50 g l
-1
 (Fig. 3.3. b). However, they did not increase 
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significantly as the concentration of sodium chloride was increased from 1 g l
-1
 to 3 g l
-1
 (Fig. 
3.3. c). In spite of that, the structures of the corrosion products within the pits were more porous 
for 3 g l
-1
 of sodium chloride. This indicates that corrosion rate of carbon steel under the 
disbonded coating is related to the sulphuric acid and sodium chloride concentration. Therefore, 
the higher solution concentrations result in greater corrosion rates due to the increased activity of 
dissolved species including sulphate (SO4
2-
) and chloride (Cl
-
) ions (Loto, 2013). The presence 
of SO4
2-
 together with the Cl
-
 ions creates an aggressive solution that favours pit formation.  
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Fig. 3.3. SEM images of corrosion products layer formed on the carbon steel surface under the disbonded 
coating in different solutions after 14 days of immersion at 55 ± 0.1°C 
(a) Solution 1: 10 g l
-1
 H2SO4, 1 g l
-1
 NaCl, 3 g l
-1
 Fe2(SO4)3 
(b) Solution 2: 50 g l
-1
 H2SO4, 1 g l
-1
 NaCl, 3 g l
-1
 Fe2(SO4)3 
(c) Solution 3: 50 g l
-1
 H2SO4, 3 g l
-1
 NaCl, 3 g l
-1
 Fe2(SO4)3 
500μm 
500μm 
500μm 
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Chloride ions catalyze dissolution of the diffusion barrier and liberation of Fe
3+
 in which 
accelerate breakdown of diffusion barrier during the initiation period of pitting corrosion as 
follows (Jones, 1996): 
FeOOH + Cl
-  → FeOCl + OH-                                                                                                   (3.1) 
FeOCl + H2O → Fe
3+
 + Cl
-
 + 2OH
- 
                                                                                          (3.2) 
As the diffusion barrier is destroyed by action of the chloride ions, direct anodic dissolution of 
substrate occurs. The hydrolysis of the dissolved iron reduces the pH, and the reduced pH causes 
migration of chloride ions into the pit. The chloride ions, which migrate into the pit, develop an 
acid chloride condition. The acid chloride condition in the initiation sites accelerates anodic 
dissolution of iron causing pit propagation. 
 During pit propagation, a non-protective porous iron oxide layer is accumulated at the 
mouth of the pit (Caceres et al., 2009) slowing down mass transfer of dissolved iron into the bulk 
solution (Jones, 1996). However, the porous structure allows slow diffusion of chloride ions into 
the pit so that an acidic chloride solution is developed causing enhanced pitting. Chloride ions 
are fairly small and have high diffusivity which leads to disruption of the protective layer (Loto, 
2013). Fig. 3.4 shows a schematic diagram of pitting corrosion on the carbon steel surface. It is 
shown that the corrosion products layer has more porous distribution inside the pit while it has a 
compact and continuous distribution outside the pit. Also, during the pit propagation stage, the 
pit performs as anode, where the active dissolution of pit occurs, and the diffusion barrier 
(protective layer) around the pit performs as cathode, where the cathodic reduction occurs.  
 27 
 
50μm 
 
   
Pit 
Diffusion barrier 
Carbon steel Substrate 
Non-protective 
porous cap 
 
 
 
 
 
 Fig. 3.5 shows the SEM images of the corrosion products formed inside the pits after 
immersion in the solution of 10 g l
-1
 H2SO4, 1 g l
-1
 NaCl, 3 g l
-1
 Fe2(SO4)3 at 55°C. The corrosion 
products formed at the pit mouth had relatively compact distributions; however, the corrosion 
products formed outside the pit had more compact and continuous distributions than the 
corrosion products formed inside the pit. 
 
 
 
 
 
Fig. 3.5. SEM image of the corrosion products layer formed on the carbon steel surface under the 
disbonded coating after 14 days of immersion in a solution of 10 g l
-1
 H2SO4, 1 g l
-1
 NaCl, 3 g l
-1
 Fe2(SO4)3 
at 55 ± 0.1°C, inside the pit  
Fig. 3.4. Schematic diagram of pitting corrosion on carbon steel surface 
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50μm 
 Fig. 3.6 shows the SEM image of the corrosion products formed inside the pit after 
immersion in the solution of 50 g l
-1
 H2SO4, 1 g l
-1
 NaCl, 3 g l
-1
 Fe2(SO4)3 at 55°C. The corrosion 
products distributions became more porous, loose and irregular as the concentration of sulphuric 
acid was increased from 10 g l
-1
 to 50 g l
-1
. When the sodium chloride concentration increased 
from 1 g l
-1
 to 3 g l
-1
, the corrosion products distributions became very loose and open (Fig. 3.7). 
 
 
 
 
 
 The loose and open structure of the corrosion products, which are accumulated at the pit 
mouth, allows the easy access of chloride ions to the carbon steel substrate (Waseda and Suzuki, 
2005) and causes corrosion acceleration. Therefore, the higher the chloride concentration, the 
greater corrosion rate due to either their strong attack to the protective layer or diffusion in to the 
pit. Moreover, the shape of the corrosion products changed at higher concentrations 
demonstrating that composition of corrosion products is affected by the solution concentration. 
Also, the change in shapes of the corrosion products indicates that various types of the corrosion 
products are formed on the carbon steel surface. 
Fig. 3.6. SEM image of the corrosion products layer formed on the carbon steel surface under the 
disbonded coating after 14 days of immersion in a solution of 50 g l
-1
 H2SO4, 1 g l
-1
 NaCl, 3 g l
-1
 Fe2(SO4)3 
at 55 ± 0.1°C, inside the pit 
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 The SEM images of the corrosion products were taken at selected areas outside the pits as 
shown in Fig. 3.8. The results indicated that the corrosion products formed in various solution 
concentrations had a very compact, close, adhesive and regular distribution. The compact 
corrosion product is a diffusion barrier and prevents diffusion of aggressive dissolved species 
onto the carbon steel surface. 
 
 
 
 
Fig. 3.7. SEM image of the corrosion products layer formed on the carbon steel surface under the 
disbonded coating after 14 days of immersion in a solution of 50 g l
-1
 H2SO4, 3 g l
-1
 NaCl, 3 g l
-1
 Fe2(SO4)3 
at 55 ± 0.1°C, inside the pit 
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(a) Solution 1: 10 g l
-1
 H2SO4, 1 g l
-1
 NaCl, 3 g l
-1
 Fe2(SO4)3 
(b) Solution 2: 50 g l
-1
 H2SO4, 1 g l
-1
 NaCl, 3 g l
-1
 Fe2(SO4)3 
50μm 
50μm 
50μm 
(c) Solution 3: 50 g l
-1
 H2SO4, 3 g l
-1
 NaCl, 3 g l
-1
 Fe2(SO4)3 
Fig. 3.8. SEM images of corrosion products layer formed on the carbon steel surface after 14 
days of immersion at 55 ± 0.1°C, outside the pit 
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3.4 Summary and Conclusions 
The type of corrosion taking place on the carbon steel surface under the disbonded 
coating was investigated by conducting immersion tests with several solution compositions at 55 
± 0.1°C. Also, SEM analysis was conducted at the selected areas of the carbon steel surface to 
investigate the morphology of the corrosion products. The following conclusions were drawn 
from the immersion test and SEM analysis: 
1. Only general and pitting corrosion occurred on the carbon steel surface under the 
disbonded coating, and crevice corrosion did not occur. 
2. The corrosion products formed outside the pits had a continuous, adhesive and regular 
structure, but they had a loose and irregular structure inside the pits allowing diffusion of 
corrosive species into the pit and causing further pitting corrosion development. 
3. The corrosion products distribution became more porous and loose as the concentration 
of the sulphuric acid and sodium chloride increased. 
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Chapter Four 
4 Phase Composition of the Corrosion Products, Corrosion Mechanism 
4.1 Overview of Chapter 4 
Chapter 4 of the thesis covers the third and fourth objectives of this research project. In 
this phase of the research, immersion tests were conducted at room temperature to form a thick 
layer of the corrosion products on the carbon steel coupons. X-ray diffraction (XRD) was 
performed on selected regions of the coupons in order to identify the phase composition of the 
corrosion products formed on the carbon steel surface under the disbonded coating. Also, 
potentiodynamic test was performed to elucidate information on the corrosion mechanism of 
carbon steel with engineered crevice in acidified solution containing chloride ions. 
4.2 Experimental Procedure 
4.2.1 Experimental Setup for Immersion Test  
The carbon steel coupons, with the same dimensions of the coupons used for SEM 
analysis, were cut from A36 carbon steel plates. The under surface and edges of the coupons 
were coated with enamel paint leaving working areas of 26 cm
2
.  The working areas of the 
coupons were polished and then rinsed with RO water and acetone. The acrylic sheets with the 
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same dimensions of the carbon steel coupons were used to simulate the disbonded coating. The 
acrylic spacers with dimensions of 7.5 cm x 3 cm x 0.1 cm were placed between the coupons and 
disbonded coatings to form the engineered crevices with thickness of 0.1 cm. The carbon steel 
coupons with engineered crevices were immersed in sulphuric acid solutions containing chloride 
and iron (III) ions with the same concentrations that were used for SEM analysis (Table 3.2). The 
carbon steel coupons were immersed in several solution concentrations for 60 days at room 
temperature (23 ± 1°C). 
4.2.2 XRD Analysis 
The x-ray diffraction technique was conducted on the edge and bottom areas of the 
crevice (See Fig. 4.1) after the carbon steel coupons were immersed in the test solutions for 60 
days at room temperature. The immersion test for the XRD analysis was conducted for an 
extended period, since a thick layer of the corrosion products was required for the x-ray beam 
sampling depth. 
A Bruker D8 Discover x-ray diffractometer was employed to perform XRD analysis on 
the corroded surface of the coupons. The anode material was Cr Kα, and current and accelerating 
voltage of the x-ray generator were set to 10 mA and 10 mV respectively. Also, scan step time of 
100 s was chosen for corroded surfaces with lengths of 10 mm.  
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4.2.3 Potentiodynamic Scan Test 
An electrochemical cell of three electrodes of a reference electrode (RE), a working 
electrode (WE) and a counter electrode (CE) was used to conduct the potentiodynamic scan test. 
Fig. 4.2 shows schematic diagrams of WEs and electrochemical cell for potentiodynamic scan 
test. The working electrode was a plain carbon steel coupon with dimensions of 6.5 cm x 4 cm x 
0.6 cm. One surface and edges of the coupon were sealed with epoxy resin, and the other surface 
was left open for corrosion exposure. The exposed surface of the coupon was polished with 400 
and 600 grit sand paper, and rinsed with RO water and acetone. The reference electrode was a 
saturated calomel electrode (SCE), and the counter electrode was a platinum electrode. The 
electrochemical measurements were conducted in a solution of 50 g l
-1
 H2SO4, 3 g l
-1
 NaCl, 3 g l
-
1
 Fe2(SO4)3 with pH of 1.4. The solution was made from analytical grade reagents and RO water. 
Fig. 4.1. Selected areas of the carbon steel coupons for XRD analysis 
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Gamry Interface 1000™ (Gamry Instruments, USA) was used as the potentiostat device 
in order to carry out the potentiodynamic scan test (Fig.4.3). The Interface 1000
TM
 connects to 
the computer through a USB connection. It supports all Gamry electrochemical applications 
Fig. 4.2. Schematic diagram of experimental setup for potentiodynamic test, (a) WE, (b) 
electrochemical cell 
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software including the DC105™ DC corrosion techniques software. The DC105™ software 
provides users with a comprehensive set of corrosion measurement techniques. A shielded cable 
is connected to front panel of the Interface 1000
TM
, and end of the cable terminates in 6 plugs 
with different colors that are connected to the electrochemical cell (Gamry Interface 1000
TM
 
Operator’s manual, 2012). Table 4.1 shows the cable terminations used for the potentiodynamic 
scan test. Data analysis was carried out with the Gamry Echem Analyst to evaluate the corrosion 
process and to calculate corrosion parameters such as polarization resistance, corrosion rate and 
Tafel slopes. 
 
 
 
 
 
 
 
 
 
 
Fig. 4.3. Gamry interface 1000
TM
 employed for potentidynamic scan test 
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Table ‎4.1. Cable ends terminations for potentiodynamic scan test 
 
The initial and final potentials of -0.5 V and 2 V were applied to the exposed surface of 
the carbon steel coupon with surface area of 26 cm
2
. Also the potential was adjusted to sweep 
with a scan rate of 0.5 mV s
-1
.  The test was conducted at room temperature (23 ± 1°C). The 
equivalent weight of A36 carbon steel was 28.25 and the density was 7.85 g cm
-3
. 
4.3 Results and Discussion 
4.3.1 XRD Analysis, Phase Composition of the Corrosion Products 
The x-ray diffraction technique was conducted on the edge and bottom areas of the 
crevices (See Fig. 4.1) after the carbon steel coupons were immersed in the test solutions for 60 
days at room temperature. Fig. 4.4 shows the x-ray diffraction patterns of the corrosion products 
formed on the edges of the crevices that had been immersed in the solutions. 
Name Color Potentiodynamic Scan Connections 
Working Electrode 
Working Sense 
Counter Electrode 
Counter Sense 
Reference 
Floating Ground 
Green 
Blue 
Red 
Orange 
White 
Black 
Connected to working electrode 
Connected to working electrode 
Connected to counter electrode 
Connected to counter electrode 
Connected to reference electrode 
Left open 
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It shows that the corrosion products layer formed in all solution concentrations mainly 
consisted of lepidocrocite (γ-FeOOH) and goethite (α-FeOOH). Lepidocrocite was more 
abundant in the phase composition of the corrosion products formed in the solution of 10 g l
-1
 
H2SO4, 1 g l
-1
 NaCl, 3 g l
-1
 Fe2(SO4)3. Lepidocrocite is an initial corrosion product that is formed 
in the primary steps of the iron corrosion; however, it is unstable (Waseda and Suzuki, 2005), 
and is quickly transformed to goethite, in the presence of oxygen and water, or magnetite (Fe3O4) 
by acting on dissolved iron from the substrate. An adhesive structure and a low free energy of 
formation make goethite more stable than lepidocrocite (Zise et al., 2007). 
 
Fig. 4.4. X-ray diffraction patterns of the corrosion products formed on the edges of the crevice after immersion for 60 
days at room temperature, Solution 1: 10 g l
-1
 H2SO4, 1 g l
-1
 NaCl, 3 g l
-1
 Fe2(SO4)3 , Solution 2: 50 g l
-1
 H2SO4, 1 g l
-1
 
NaCl, 3 g l
-1
 Fe2(SO4)3 , Solution 3: 50 g l
-1
 H2SO4, 3 g l
-1
 NaCl, 3 g l
-1
 Fe2(SO4)3 
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In addition to formation of lepidocrocite and goethite, iron and iron (II) sulphide (FeS) 
spectrums were present in the x-ray diffraction pattern of the corrosion products. The presence of 
the iron peak indicates that the corrosion products layer was not distributed continuously over the 
entire surface. Moreover, the iron sulphide was formed at higher concentrations of sulphuric 
acid. The Pourbaix diagram of carbon steel in sulphuric acid solution at 25°C (Fig. 4.5) shows 
that iron sulphide is formed in active potentials over a wide range of pH corresponding to 
reaction (4.1) (Puigdomenech, 2009): 
8H
+
 + Fe
2+
 + SO4
2-
 + 8e
-
 → FeS (c)                                                                                           (4.1) 
 
 
 
 
 
 
 
 
 
Fig. 4.5. Pourbaix diagram of iron in 0.5 M sulphuric acid solution at 25°C (Tam, 2011) 
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 Lepidocrocite, goethite and magnetite have been identified as the main constituent of the 
corrosion products formed on carbon steel surfaces exposed to the atmosphere (Antunes et al., 
2003). However, magnetite was not evident in the XRD pattern of the corrosion products formed 
on the edges of the coupons with the engineered crevices. Magnetite is an iron oxide consisting 
of iron (II) and iron (III) ions. The iron (II) ions are in equilibrium with iron, and they are easily 
oxidized to iron (III) ions. Therefore, magnetite is usually formed in the inner layer of the 
corrosion products closer to the substrate. 
 In addition, evidence of akaganeite (β-FeOOH) was not found in the XRD patterns of the 
corrosion products. Akaganeite is a non-protective corrosion product formed in chloride 
containing environments. Chloride ions are present in the molecular structure of akaganeite 
(Cornell and Schwertmann, 2003), and are easily released accelerating iron corrosion. The 
concentration of chloride ions in the bulk solution influences formation of akaganeite. Therefore, 
absence of the akaganeite spectrum may correspond to the low concentration of chloride ions in 
the bulk solution (1 g l
-1 
and 3 g l
-1
 NaCl) and low mass transport of chloride ions into the crevice 
since the disbonded coating causes the solution remain stagnant within the crevice. 
The free energy of formation for different corrosion products are presented in Table 4.2. 
Magnetite has the lowest free energy of formation among all corrosion products which 
demonstrates its high thermodynamic stability in the corrosion products layer. On the contrary, 
the high free energy of formation of akaganeite indicates that it is an unstable corrosion product, 
and is not an end member of transformations of other iron oxy-hydroxides and iron oxides. 
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Table ‎4.2. Free energy of formation for different corrosion products 
Corrosion product Fe3O4 Fe2O3 α-FeOOH γ-FeOOH β-FeOOH 
Free Energy of 
Formation kJ mol
-1
 
-1117.13 -822.16 -495.75 -470.25 -280.74 
  
The x-ray diffraction patterns of the corrosion products, formed on the bottom of the 
crevices in different solution concentrations, are shown in Fig. 4.6. Hematite and green rust were 
identified in the phase composition of the corrosion products formed on the bottom areas of the 
crevices. Green rust is an intermediate corrosion product which is composed of a group of iron 
oxides consisting of layers of octahedral iron (II) hydroxide in which some iron (II) ions are 
substituted by iron (III) ions (Cornell and Schwertmann, 2003). It is an unstable corrosion 
product with various chemical compositions which depend on the environment and the anions 
present in the solution (Simard et al., 2001). It is transformed to goethite or lepidocrocite 
depending on the solution conditions. The environment conditions influence transformation of 
iron (II) ions to iron (III) ions. The oxygen may be consumed at a higher rate than it diffuses into 
the crevice due to occluded condition of the crevice. The depletion of oxygen within the crevice 
impedes transformation of green rust to a stable corrosion product. 
The presence of hematite in the x-ray diffraction patterns of the corrosion products 
indicates that a diffusion barrier layer was formed on the bottom of the crevice which was not 
destroyed by attack of the chloride ions. Hematite is a harmless corrosion product which is 
formed in the outer layers of the corrosion products. It is highly stable and usually the end 
member of many corrosion products transformations (Cornell and Schwertmann, 2003). 
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In addition to the formation of green rust and hematite, iron sulphide, iron sulphate and 
iron spectrums were detected in the phase composition of the corrosion products. Iron sulphate 
was detected as the concentration of sulphuric acid was increased from 10 g l
-1
 to 50 g l
-1
 (Fig. 
4.6). It is formed in concentrated sulphuric acid solutions when dissolved iron (II) reacts with the 
acid. Moreover, the presence of iron spectrum indicates that the corrosion products layer was not 
distributed continuously. 
Fig. 4.6. X-ray diffraction patterns of the corrosion products formed on the bottom of the crevices after immersion for 60 
days at room temperature, Solution 1: 10 g l
-1
 H2SO4, 1 g l
-1
 NaCl, 3 g l
-1
 Fe2(SO4)3 , Solution 2: 50 g l
-1
 H2SO4, 1 g l
-1
 
NaCl, 3 g l
-1
 Fe2(SO4)3 , Solution 3: 50 g l
-1
 H2SO4, 3 g l
-1
 NaCl, 3 g l
-1
 Fe2(SO4)3 
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In general, the corrosion products layer has a non-uniform thickness at different areas due 
to the formation of corrosion products on different layers. Also, there can be reaction of the 
corrosion products and/or the initial corrosion products react to form iron oxides and/or iron oxy-
hydroxides. Consequently, it is difficult to identify all constituents of the corrosion products.  
4.3.2 Pitting Corrosion Mechanism and Stages 
Based on the results of the SEM and XRD analyses the pitting corrosion of carbon steel 
with the engineered disbonded coating falls into three stages. Fig. 4.7 shows a schematic diagram 
of pitting corrosion. In the first stage there is no protective and or non-protective layer on the 
carbon steel surface. Anodic and cathodic reactions occur simultaneously at different sites of the 
surface. The anodic dissolution of iron occurs at anode sites due to direct contact of the metal 
surface and solution as follows: 
Fe ⇌ Fe2+ + 2e-                                                                                                                           (4.1) 
The cathodic reduction of hydrogen ions and oxygen occurs at cathode sites due to the presence 
of sulphuric acid and oxygen in the solution as follows: 
O2 + 4H
+
 + 4e
-
 ⇌ 2H2O                                                                                                              (4.2) 
1/2O2 + H2O + 2e
-
 ⇌ 2OH-                                                                                                        (4.3) 
 In the second stage, the dissolved species from the anodic and cathodic reactions form 
iron hydroxide that is an initial corrosion product (reaction 4.4). The iron hydroxide is an initial 
corrosion product that is transformed to iron oxides or iron oxy-hydroxides (reaction 4.5). 
Fe
2+
 + 2OH
-
 → Fe(OH)2                                                                                                            (4.4) 
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Fe(OH)2 + O2 → Fe2O3.H2O or 2FeOOH                                                                                  (4.5) 
The iron oxides and or iron oxy-hydroxides form the protective layer on the surface that 
performs as a diffusion barrier. In the third stage, the layer is destroyed by attack of the chloride 
ions according to reaction (4.6) and (4.7). The iron oxy-hydroxide layer is dissolved to iron (III) 
ion, and the iron (III) ion performs as an oxidant that accelerates the iron dissolution. 
FeOOH + Cl
-
  → FeOCl + OH-                                                                                                  (4.6) 
FeOCl + H2O → Fe
3+
 + Cl
-
 + 2OH
-
                                                                                           (4.7) 
 
 
 
 
The diffusion barrier disruption causes the direct dissolution of iron into the solution and 
pitting corrosion initiation. The hydrolysis of the dissolved iron at the disrupted sites causes a 
decrease in pH and the formation of a differential concentration cell that causes separation of 
anode/cathode and electron migration. The indirect oxidation of iron (II), due to the presence of 
chloride ions, causes the formation of a gelatinous cap over the pit mouth as follows: 
Fe
2+
 + 2H2O + 2Cl
-
 → Fe(OH)2+ 2HCl                                                                                     (4.8) 
Fig. 4.7. Schematic diagram of pitting corrosion on the carbon steel under the disbonded coating 
(a) Formation of diffusion barrier, (b) Pitting corrosion initiation 
 
   
Pit 
Carbon steel Substrate 
Non-protective 
porous cap 
Anode 
Carbon steel Substrate 
Cathode 
Diffusion barrier 
(a) (b) 
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4.3.3 Potentiodynamic Measurements 
Fig. 4.8 shows the polarization curve of the carbon steel coupon without the crevice. It 
can be seen that the anodic polarization curve deviates from Tafel behaviour at voltage of -0.47 
V which indicated that different major reductants were participating in the anodic reactions. The 
constituents of the metal cannot participate in the anodic reactions due to the low percentage. 
Therefore, the deviation from Tafel behaviour in the anodic region was assigned to an active-
passive transition or re-oxidization of corrosion products since iron (II) oxides are unstable and 
tend to be transformed to iron (III) oxides. 
The corrosion measurements were accomplished by Tafel extrapolation using the Gamry 
Echem Analyst
TM
 software (Table 4.3). The measured corrosion current was very small which 
demonstrated that a diffusion barrier layer was formed on the carbon steel surface. The diffusion 
barrier layer reduces the rate of mass transfer to the surface thus reducing the oxygen reduction 
rate with a corresponding drop in corrosion rate. 
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Table ‎4.3. Corrosion measurements of the potentiodynamic scan for A36 carbon steel immersed in 50 g l-1 of H2SO4 
containing 3 g l
-1
 of NaCl and 3 g l
-1
 of Fe2(SO4)3 at room temperature (23 ± 1°C) 
βa βc  Ecorr Eocp icorr  
Corrosion 
Rate 
V/decade  V/decade mV mV A/cm2 mm/year 
1.62E-01 9.48E-02 -543.4 -561.01 3.92E-04 4.61 
 
4.4 Summary and Conclusions 
In chapter 4, the phase composition of the corrosion products, the formation of protective 
and non-protective layers and the corrosion mechanism were investigated by conducting XRD 
analysis and potentiodynamic test. A36 carbon steel coupons with 1 mm crevice gaps were 
immersed for 60 days at room temperature to produce a thick scale on the metal surface. XRD 
Fig. 4.8. Polarization curve of A36 carbon steel in 50 g l
-1
 of H2SO4 containing 3 g l
-1
 of NaCl and 3 g 
l
-1
 of Fe2(SO4)3 at room temperature (23 ± 1°C) 
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characterization was performed on the edge and bottom of the coupons under the disbonded 
coating, and the following conclusions were drawn: 
1. The corrosion products layer formed on the edge of the carbon steel surface consisted of 
lepidocrocite and goethite. 
2. The corrosion products layer formed on the bottom of the carbon steel surface consisted 
of hematite and green rust. 
3. No akaganeite and magnetite were formed on the edges of the coupons under the 
disbonded coating. 
4. The disruption of diffusion barrier formed on the edges of the coupons caused initiation 
and propagation of pitting corrosion. 
 The potentiodynamic scans were conducted on the plain carbon steel coupon that was 
immersed in the highest solution concentration, and it was concluded that: 
1. A small corrosion current passed through the carbon steel electrode. The small corrosion 
current indicated that a diffusion barrier layer was formed on the surface. 
2. The Tafel deviation in the anodic polarization curve corresponded to re-oxidization of the 
corrosion products. 
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Chapter Five 
5 Corrosion Stages, Current and Potential Changes 
5.1 Overview of Chapter 5 
Chapter 5 of this thesis covers the last objective of this research project. The 
electrochemical noise measurement test was conducted in more concentrated solution at room 
temperature to attempt to identify the corrosion stages occurring under the disbonded coating and 
measure the current-potential changes within the crevice. 
5.2 Experimental Procedure 
A three-electrode electrochemical cell was used for the measurements. Two A36 carbon 
steel coupons were used as working electrodes (WEs), and a saturated calomel electrode (SCE) 
was used as reference electrode (RE). The carbon steel coupons with exposure areas of 26 cm
2
 or 
2 cm
2
 and crevice gaps of 0.1 mm were used as anode electrodes. The under-surface and sides of 
the coupons were sealed with epoxy resin. Acrylic coatings with surface areas of 35.75 cm
2
 and 
3.5 cm
2
 were cut from acrylic sheet, and placed on the carbon steel coupons respectively. 
Teflon
TM
 tapes with thickness of 0.1 mm were placed between the coupons and the coatings to 
create the engineered crevices. The carbon steel coupons with exposure areas of 26 cm
2
 were 
used as cathode electrodes. The under-surface and sides of the coupons were sealed with epoxy 
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resin. The exposed surfaces of the coupons were polished with 400 and 600 grit sand paper and 
rinsed with RO water and acetone. The test solution was 50 g l
-1
 H2SO4 containing 3 g l
-1
 NaCl 
and 3 g l
-1
 Fe2(SO4)3. The solution was made of RO water and analytical reagents. The electrodes 
were immersed in 1 litre of the test solution. 
Fig. 5.1 shows the schematic diagram of the WEs and the corrosion cell for ECN 
measurements. Two carbon steel electrodes, one with the engineered crevice (shown as WE1 in 
Fig. 5.1; 26 cm
2
, 2 cm
2
) and another one without the engineered crevice (shown as WE2 in Fig. 
5.1; 26 cm
2
) were used as the WEs. The area ratio of cathode to anode (r) was 1 and 13. 
Different area ratios of cathode to anode were chosen to see if this ratio has an effect on crevice 
corrosion.  
The Gamry Interface 1000
TM
 was employed to carry out the electrochemical noise 
measurements. The potential noise between the coupled WEs and the SCE and the current noise 
between the two WEs were measured simultaneously using the ZRA mode for the noise 
measurements. The experiments were conducted continuously for 24 hours at room temperature. 
A Gamry Faraday Cage was placed over the corrosion cell to enhance quality of the 
measurements and provide coverage from unwanted environmental noise.   
The ECN tests were repeated for type 304 austenitic stainless steel with the same 
conditions for comparison to the carbon steel case. Crevice corrosion is considered a significant 
concern when stainless steels are used in chloride containing environments. 
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Fig. 5.1. Schematic diagrams of WEs and the corrosion cell for ECN measurements 
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5.3 Results and Discussion 
5.3.1 ECN Measurements for Carbon Steel 
Fig. 5.2 shows the current and potential noise measurements over 24 hour for WEs with 
an area ratio of 1. The potential noise measured between coupled WEs and RE indicates the 
change in the state of the electrode with the engineered crevice. The current noise measured 
between the WEs indicates the rate of corrosion within the crevice (Hu et al., 2010). For stainless 
steel, classical crevice corrosion consists of three stages of incubation, initiation and propagation. 
During the incubation period a leakage or passive current flows through the film since a 
protective layer is present on the substrate surface with a poor electrical conductivity. For carbon 
steel, the passive film does not form on the metal surface. Instead, a diffusion barrier is formed 
and this may significantly reduce the corrosion rate as is shown in Fig. 5.2 (a).  
The potential between the coupled working electrodes and the reference electrode was 
constant (Fig. 5.2 (b)). The constant potential of the electrodes indicated that the state of the 
electrodes surface did not change. Also, no transition occurred in the potential noise 
measurements which showed that the classical crevice corrosion did not occur. The ECN results 
were inconclusive and it is recommended that this area of the project be investigated further with 
possibly a different design of the working electrodes. 
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Fig. 5.2. ECN measurements of A36 carbon steel coupon with crevice gap of 0.1 mm and cathode to 
anode area ratio of 1 over 24 hour immersed in 50 g l
-1
 H2SO4, 3 g l
-1
 NaCl, 3 g l
-1
 Fe2(SO4)3, (a) 
current noise versus time, (b) potential noise versus time 
(a) 
(b) 
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Fig. 5.3 shows the potential and current noise measurements over 24 hour for WEs with 
area ratio of 13. The current fluctuations occurred in first few hours of the measurements 
indicated that only general corrosion occurred on the surface of the carbon steel coupons within 
the crevice. Also, the potential was constant after fluctuations in the first few hours (Fig. 5.3 (b)). 
The few fluctuations of the potential indicated that the potential difference between the crevice 
and bold surface (cathode) was small and the crevice corrosion did not develop within the 
crevice. It can be seen that the potential became more noble as the area ratio of cathode to anode 
increased.  
The frequent current fluctuations for r=1 are assumed to correspond to pit formation. 
When the absolute current increases, pitting corrosion initiates. It then recovers as repassivation 
of the pit mouth occurs. If the absolute current does not recover and keeps changing, pit 
propagation occurs. However, for r=13, the current fluctuations happened during the first few 
minutes which may correspond to general corrosion and the formation of a diffusion barrier 
layer. It can be seen that after about 2 hours, the current did not change significantly (see Fig. 5.3 
(a)).  
The occurrence and development of crevice corrosion is affected by the area ratio of 
cathode to anode (Hu et al., 2010). As the area ratio of cathode to anode increases the corrosion 
rate and current flowing from anode to cathode increase. However, in this case the current was 
greater and the potential was more active as the area ratio of cathode to anode decreased. This 
might be due to the chemical composition of the solution including the presence of oxidizing 
agents. 
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Fig. 5.3. ECN measurements of A36 carbon steel coupon with crevice gap of 0.1 mm and cathode to 
anode area ratio of 13 over 24 hour immersed in 50 g l
-1
 H2SO4, 3 g l
-1
 NaCl, 3 g l
-1
 Fe2(SO4)3, (a) 
current noise versus time, (b) potential noise versus time 
(a) 
(b) 
 55 
 
5.3.2 ECN Measurements for Stainless Steel  
The results of the ECN measurements for 304 stainless steel coupons with area ratio of 1 
are presented in Fig. 5.4. The current fluctuations lasted for approximately 2 hours, and then 
remained relatively constant. The potential was constant after a negative shift in the first few 
hours of the measurements. When the potential shifted negatively at hour 2, the current increased 
simultaneously. The constant current and potential after 2 hours indicates that the corrosion 
entered to the stable state. 
Fig. 5.5 shows the results of the ECN measurements for 304 stainless steel coupons with 
area ratio of 13. The frequent current fluctuations were seen for area ratio of 13 over 24 hours. 
As the area ratio increased from 1 to 13, the potential was more active and the current was more 
accelerated. 
According to the ECN measurements for 304 stainless steel coupons, significant potential 
fluctuations were seen for the 304 stainless steel coupons unlike carbon steel, which showed a 
relative stable potential. This indicates that damage to the passive film on the stainless steel 
might have been occurring, which could in turn have been due to the onset of crevice corrosion. 
However, since the current densities in both cases were small, any damage to the surfaces would 
have been correspondingly small. 
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Fig. 5.4. ECN measurements of 304 Stainless steel coupon with crevice gap of 0.1 mm and cathode to 
anode area ratio of 1 over 24 hour immersed in 50 g l
-1
 H2SO4, 3 g l
-1
 NaCl, 3 g l
-1
 Fe2(SO4)3, (a) current 
noise versus time, (b) potential noise versus time 
(a) 
(b) 
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Fig. 5.5. ECN measurements of 304 Stainless steel coupon with crevice gap of 0.1 mm and cathode to 
anode area ratio of 13 over 24 hour immersed in 50 g l
-1
 H2SO4, 3 g l
-1
 NaCl, 3 g l
-1
 Fe2(SO4)3, (a) 
current noise versus time, (b) potential noise versus time 
(a) 
(b) 
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5.4 Summary and Conclusions 
The ECN measurements were conducted for the system of two WEs and one RE. The 
first WE was a plane carbon steel coupon without the crevice, and the other had the engineered 
crevice with thickness of 0.1 mm. Two different area ratios of cathode to anode were tested and 
it was concluded that: 
1. Classical crevice corrosion which consists of incubation, initiation and propagation 
stages, did not initiate for different area ratios of cathode to anode. 
2. The smaller area ratio of cathode to anode caused the more active potential and the 
greater current. 
The ECN measurements were repeated for 304 stainless steel coupons with the same conditions 
used for A36 carbon steel coupons, and it was concluded that the state of the crevice was 
changed and the crevice corrosion initiated. However, the corrosion was not accelerated due to 
the low current passing through the crevice electrode. 
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Chapter Six 
6 Summary, Conclusions and Recommendations 
6.1 Summary and Conclusions 
This thesis focuses on the corrosion behaviour of A36 carbon steel with the engineered 
disbonded coating in acidified leaching circuits containing sodium chloride and iron (III) 
sulphate. This thesis described the experimental work and the results of the tests performed to 
complete the research project objectives. SEM and XRD analyses were conducted to investigate 
the morphology and phase composition of the corrosion products formed on the carbon steel 
surface (Chapter 3 and 4). Acrylic spacers were used to create the engineered crevices and 
disbonded coatings respectively. The immersion test was performed in several solution 
concentrations at 55 ± 0.1°C for 14 days. The SEM analysis of the carbon steel surfaces showed 
that pitting corrosion and general corrosion occurred in all solution concentrations. Moreover, 
the structure of the corrosion products was compact and continuous outside the pits providing a 
good protection against diffusion of corrosion species and further corrosion. 
The carbon steel coupons were immersed in the same solution concentrations with 
different test conditions to obtain a thick layer of the corrosion products for XRD analysis. The 
immersion test was performed at room temperature (23 ± 1°C) for 60 days. The XRD analysis of 
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the corrosion products formed on the surface of the coupons indicated that the corrosion products 
were different on different areas of the crevice. Lepidocrocite and goethite were the main 
constituents of the corrosion products formed on the sides of the crevice while green rust and 
hematite were the main constituents of the corrosion products formed on the bottom of the 
crevice.  
The current-potential changes and the corrosion process within the crevice were studied 
by electrochemical noise measurements (Chapter 5). A system of two WEs and one RE was used 
for the noise measurements. The first WE had the engineered crevice, and the second one was a 
plain carbon steel coupon without the engineered crevice. Teflon
TM
 tapes were used to create the 
engineered crevices and placed between the carbon steel coupons and the acrylic coatings. 
Current and potential noise measurements taken over a 24 hour period showed that the crevice 
corrosion did not occur on the carbon steel surface. This may corresponded to the solution 
concentration and or the crevice geometry. Furthermore, frequent fluctuations of the current and 
the constant potential indicated that only general and pitting corrosion occurred on the carbon 
steel surface within the crevice.  
6.2 Future Work and Recommendations 
Some topics are recommended for the future work to verify the results of the experiments 
and study the corrosion of carbon steel under the disbonded coating in sulphuric acid solutions 
containing chloride ions. These topics are as follows: 
1. The crevice geometry, solution concentration and pH influence the occurrence, stages 
and rate of the crevice corrosion. In this research project, the crevice corrosion did not 
occur on the carbon steel surface in acidified chloride solutions. The concentration of 
 61 
 
sodium chloride in the leach solution was very low. Moreover, there is no study on the 
corrosion of carbon steel in acidic solutions containing chloride ions. Therefore, the 
crevice geometry and the sodium chloride concentration can be changed to investigate 
crevice corrosion in these conditions. 
2. A system of two WEs and one RE was used for the ECN measurements of the carbon 
steel coupons, and crevice corrosion was not observed. A different design of the WEs can 
be used to investigate occurrence of the crevice corrosion. 
3. The crevice thickness for the immersion tests can be reduced to create a tight crevice so 
that the solution remains stagnant within the crevice, and oxygen diffuses into the crevice 
at a slower rate. 
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Appendix A 
A EDS Analysis of the Corrosion Products 
 This appendix includes the results of EDS (Energy Dispersive X-ray Spectroscopy) 
analysis. The EDS analysis of the carbon steel coupons was conducted after the immersion test in 
order to identify the elemental composition of the corrosion products. 
A.1 Experimental Procedure 
A carbon steel coupon with an engineered crevice with thickness of 1 mm was immersed 
in a solution of 50 g l
-1
 H2SO4 containing 3 g l
-1
 NaCl and 3 g l
-1
 Fe2(SO4)3 for 14 days at 
55±0.1°C. The Hitachi SU6600 field emission gun scanning electron microscope was employed 
to carry out the EDS analysis on the carbon steel surface. The EDS analysis was conducted over 
the entire scan area of the SEM with accelerating voltage of 20 kV.  
A.2 Results and Discussion 
Fig. A.1 shows the EDS spectrum of the corrosion products formed on the carbon steel 
surface. The EDS spectrum of the corrosion products indicated that iron and oxygen were clearly 
the main constituents of the elements. In addition to presence of the iron and oxygen spectrums, 
Cu, Cr, S, Ni and Si spectrums with low proportion were identified that can be assigned to 
contaminants and alloy composition. 
 
 66 
 
Fig. A.1. EDS spectrum of A36 carbon steel surface immersed in 50 g l
-1 
of H2SO4 
containing 3 g l
-1
 NaCl and 3 g l
-1
 Fe2(SO4)3 for 14 days at 55±0.1°C 
 
 
 
 
 
  
 
A distribution map and relative intensity of the elements, which were identified in the 
EDS spectrum of the surface, is shown in Fig. A.2. The element map of the corrosion products 
showed that iron and oxygen covered the most parts of the carbon steel surface. Bright points 
and regions in the map represented formation of iron sulphide compounds. 
 
 
 
  
 
(a) 
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(b) 
 
 
 
 
 
 
 
 
   
Fig. A.2. Element map of the corrosion products formed on the carbon steel surface after immersion in 
50 g l
-1 
of H2SO4 containing 3 g l
-1
 NaCl and 3 g l
-1
 Fe2(SO4)3 for 14 days at 55±0.1°C, (a) EDS over 
the entire scan area of the SEM (b) Elements distribution 
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Appendix B 
B XRD Analysis of the Corrosion Products 
This appendix includes the XRD analysis results for sulphuric acid solutions containing 
sodium chloride. The XRD analysis of the carbon steel coupons was conducted after the 
immersion test in order to examine the corrosion products phase composition in absence of iron 
(III) sulphate. 
B.1 Experimental Procedure 
The carbon steel coupons with the engineered crevices with thickness of 1 mm where 
immersed in different solution concentrations for 60 days at room temperature. Table B.1 shows 
concentrations of chemicals in different solutions. The x-ray diffraction technique was conducted 
on the edge and bottom areas of the crevice after the carbon steel coupons were immersed in the 
test solutions for 60 days at room temperature. 
Table ‎B.1. Chemicals concentrations in different solutions 
Chemicals 
                   Conc.  
                  (g l
-1
) 
Solution 1 Solution 2 Solution 3 
H2SO4 10 10 50 
NaCl 1 3 1 
Fe2(SO4)3 0 0 0 
B.2 Results and Discussion 
Fig. B.1 represents the x-ray diffraction pattern of the corrosion products formed on the 
edges of the crevices in different solution concentrations. Lepidocrocite, goethite and hematite 
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were the main constituents of the corrosion products. Therefore, hematite was added to the phase 
composition of the corrosion products in absence of iron (III) sulphate. 
Several lepidocrocite spectrums were identified in the phase composition of the corrosion 
products formed in the solutions of 10 g l
-1
 H2SO4. The number of the lepidocrocite peaks 
decreased as the concentration of sulphuric acid increased from 10 g l
-1
 to 50 g l
-1
. Moreover, 
hematite spectrums were identified in the phase composition of the corrosion products which 
demonstrated formation of a very protective diffusion barrier. However, the intensity of the 
hematite spectrums was low.  
Fig. B.2 represents the x-ray diffraction pattern of the corrosion products formed on the 
bottom of the crevices in different solution concentrations. Green rust and hematite were 
identified as the main constituents of the corrosion products in presence and absence of the iron 
(III) sulphate. Therefore, the iron (III) sulphate did not affect the formation of various corrosion 
products on the bottom of the crevices. Also, the iron sulphate spectrum was identified as the 
concentration of sulphuric acid increased from 10 g l
-1
 to 50 g l
-1
. It is formed in high sulphuric 
acid solutions with the reaction of dissolved iron (II) ions and sulphuric acid. 
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Fig. B.1. X-ray diffraction pattern of the corrosion products formed on the edges of the crevice after immersion for 60 
days at room temperature, Solution 1: 10 g l
-1
 H2SO4, 1 g l
-1
 NaCl, Solution 2: 10 g l
-1
 H2SO4, 3 g l
-1
 NaCl, Solution 3: 
50 g l
-1
 H2SO4, 1 g l
-1
 NaCl 
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Fig. B.2. X-ray diffraction pattern of the corrosion products formed on the bottom of the crevices after immersion for 60 
days at room temperature, Solution 1: 10 g l
-1
 H2SO4, 1 g l
-1
 NaCl, Solution 2: 10 g l
-1
 H2SO4, 3 g l
-1
 NaCl, Solution 3: 
50 g l
-1
 H2SO4, 1 g l
-1
 NaCl 
